In this study, damage evolution and strain localization in sandstone have been experimentally investigated in uniaxial compression tests. A digital image correlation technique has been applied to obtain apparent strain fields which can visually display the deformation and damage evolution of rock. The experimental results show that regions with apparent strain concentration (RASC) develop at the initial loading stage and distribute diffusely on the sample surface which may correspond to the damaged areas. With incremental load, the RASCs localize spatially, probably via coalescence into a line-shaped area that behaves like a macroscopic crack leading to the eventual failure of the specimen. A factor D RASC representing the deviation of the average apparent strain in RASCs from the average on the whole sample surface and a localization factor L f , are proposed to characterize the evolution of damage and localization. D RASC increases slowly in the initial phase of loading and rises rapidly after the onset of localization. L f decreases during loading which indicate the localization of spatial distribution of damage. The two factors can be used to well reflect the damage evolution and strain localization of rock specimens under compression.
I N T RO D U C T I O N
The understanding of damage and failure mechanisms of geomaterials (soils, concrete, rocks, etc.) under compression is an important basis for seismological and geodynamical studies. The macroscopic deformation and failure of rock is a gradual process of damage accumulation, crack initiation, propagation, interaction and eventual failure (Amitrano 2006) . Usually, failure is accompanied by localization of deformation and the damage zone (Paliwal & Ramesh 2008; Svahnberg & Piazolo 2010) . Indeed, strain localization under compression occurs almost unequivocally in geomaterials ranging from small laboratory specimens (Louis et al. 2007; Charalampidou et al. 2011) to exhumed fault zones in the field (Eichhubl et al. 2010) . The localization of damage and strain can influence the stress distribution and weaken the mechanical performance of the rock (Lockner et al. 1991; Besuelle et al. 2000) . Thus, understanding the mechanisms and evolution of damage or strain localization in rocks has attracted numerous research efforts. Baud et al. observed that the compaction localization can be associated with stress states in the transitional regime from brittle faulting to cataclastic flow in porous sandstones (Baud et al. 2004 ). Svahnberg and Piazolo inferred that strain localization in plagioclase-rich rocks was caused by recrystallization and the development of a crystallographic preferred orientation (CPO) in continuous recrystallized bands (Svahnberg & Piazolo 2010) .
While mechanisms of localization have been proposed and probed, how the localization results in eventual failure has received much less attention, which motivates us to conduct the present work. To this end, full-field measurements for displacement and strain are desirable to capture the evolution of localization. Specific techniques referred to as full-field measurements have been developed to provide the deformation history and the eventual development of localization and damage of laboratory specimens (Lenoir et al. 2007 ). Kozicki and Tejchman investigated the strain localization in concrete using digital image correlation (DIC) technique (Kozicki & Tejchman 2007) . Hall et al. identified the characteristic features of the localized band in granular material (Hall et al. 2010) , and localized deformation in porous carbonate was also discovered by multiscale DIC (Dautriat et al. 2011) . Hao et al. (2010) defined fluctuations of strains, and Ma & Zhou (2008) used the standard deviation of the maximum shear strain field to describe the damage evolution of rock. Katz & Reches (2004) experimentally analysed the evolution of stress-induced damage and the eventual brittle failure of Mount Scott granite. Girard et al. used spatial correlation integral to numerically investigate the progressive damage localization (Girard et al. 2010) . Accelerating evolution of damage localization is closely related to the catastrophic failure of rock, however, scientific descriptions of damage evolution, especially experimental characterizations of the spatial distribution of damage are few. This paper is concerned with the characterization of strain localization in sandstone subjected to uniaxial compression. The experimental results show the evolution of damage, strain localization, crack propagation and failure in rock. Through the analysis of apparent strain fields, two parameters are presented that reflect the degree of strain concentration and the degree of localization of its spatial distribution, respectively. The evolution of these parameters in the experiment is presented and discussed.
E X P E R I M E N TA L M AT E R I A L A N D M E T H O D O L O G Y
Uniaxial compression tests were conducted on prismatic Yunnan sandstone specimens of dimension 25 × 25 × 50 mm. A compression load device (CSS-44100) is used in the axial compression condition, with crosshead displacement control at a constant velocity of 1 µm s -1 up to failure of the sample. One surface of the rock sample was sprayed with random black and white artificial speckle and photographs of the surface were taken throughout the loading with a Basler A202k charged couple discharge (CCD) camera. The resolution of the camera was 1004 × 1003 pixels and the images with length-pixel ratio of 60.8 µm pixel -1 were continually acquired at rate was 1 fps (frame per second).
DIC analysis can thus be carried out on the acquired images to yield fields of displacement and hence apparent strain fields over the observed surface. DIC is widely used for displacement and strain field measurements due to its characteristics of non-contact, real time, wide measuring range and simple optical setup, etc. (Kang et al. 2005; Pan et al. 2009 ). Previously, Zhang et al. (2012) and Ma et al. (2011) have applied this technique to investigate the failure in rock samples. Walter (2011) applied this technique to monitor volcano deformation, which demonstrated the validity of DIC on rock laboratory tests and geological observations. After acquisition of the images at different stages of deformation, the displacement field in the DIC calculation area can be computed by tracing the grey level value of each point in the reference and deformed images and performing their image correlation. The correlation coefficient in that process is defined as follows:
(1)
where X = u, v, ∂u ∂ x, ∂u ∂ y, ∂v ∂ x, ∂v ∂ y containing six deformation parameters, f (x, y) is the grey level value at coordinate (x, y) for the reference image and g (x * , y * ) the grey level value at coordinate (x * , y * ) for the target image,f andḡ the average grey values of the image f (x, y) and g (x * , y * ), respectively. A calculation subset size (21 × 21 pixels) and step length (10 pixels) were chosen to increase the spatial resolution of measurement. From this matching process the displacement of each gridpoint can be determined. The displacement measurement accuracy in our test was at least 1 µm based on the calibration work conducted in the same experimental condition. The strain field can be calculated based on displacement components by geometrical relations. Fig. 1 shows the evolution of the differential load P with respect to the axial displacement during the uniaxial compression test. After an initial slow increment, the relation between the load and displacement is virtually linear for most of the curve. When the load amounts to about 69 kN at a displacement value of 0.91 mm or so, the load suddenly drops which is associated with the eventual failure of the specimen. Thus, the compression behaviour of our sandstone samples is common to the brittle materials. Since via DIC technique, the displacement field on the samples' surfaces can be obtained and hence the strain field, we have chosen points A to E indicated in Fig. 1 for such analysis. It is worth mentioning that the strain here should be understood as an apparent one which actually reflects the displacement gradient when crack develops. Fig. 2 presents the evolution of the apparent principal strain ε 1 fields. It can be found that at a load level of P = 30 kN, distributed regions of larger than average ε 1 can be observed scattered or discretely over the surface (Fig. 2a) . These regions will be referred to as regions of apparent strain concentration (RASCs) that may represent the damaged area. With further loading, the RASCs at the top right and left bottom corners of the specimen respectively join up and spatially become somewhat continuous (Fig. 2b) . The RASCs evolve into a localization band of belt-shape along the diagonal of the specimen (Fig. 2c) when the axial load reaches about 60 kN. With another increment of load, regions with largest apparent strain are distributed at the middle of the diagonal, which corresponds to a macroscopic crack initiation in the localization band shown in Fig. 2(d) . As can be seen in Fig. 2(e) , the damaged regions coalescence further and a macroscopic crack propagates towards the top and bottom of the specimen, leading to eventual failure. Therefore, the failure of the sandstone results from the coalescence of distributed damage that locally develops.
E X P E R I M E N TA L R E S U LT S A N D D I S S C U S I O N
Given the appearance of the RASCs, we have singled out the regions with ε 1 in the range of top largest values at each loading level and as shown in Fig. 3 for top 7.5 per cent, they can well reflect the strain distribution pattern in Fig. 2 . We will use this method to select the RASCs for an analysis of the damage evolution. As Figure 2 . Apparent principal strain ε 1 fields at five levels of stress referred to as A to E on the load-displacement curve presented in Fig. 1 . indicated above the damage evolution with loading involves spatial localization and the increment of apparent strain concentration, so at least two parameters are necessary for their characterization. To this end, we introduce
and
with
In eq. (5), C xy is the correlation coefficient; s x , s y and s xy are the standard deviations and the covariance; n is the number of the selected points with x j and y j being their coordinates and,x andȳ the average values of x j and y j . Thus, L f represents a measure of the linearity of the localized deformation. In eq. (6), ε i 1 is apparent principle strain at point i, N is the total number of data points in the field andε max corresponds to the value ofε n at peak load. It can then be easily seen that D RASC is the deviation of the strain average in RASCs from the overall strain average on the surface and can be used to characterize the average strain concentration in RASCs.
Figs 4(a) and (b), respectively demonstrate the effect of different top percentage values of the selected points with strain concentration on the behaviour of the damage localization factor L f and D RASC . Evidently, that effect is trivial. It is interesting to note that L f decreases steadily with load and the slope becomes increasingly sharp with load. More specifically, L f is greater than 0.7 before point A (Fig. 4a) , due to the scattered distribution of the RASCs. Corresponding to the process of strain localization, it then decreases sharply from A to C. The value is less than 0.2 after the formation of the macroscopic crack (point D). So the evolution of scattered damage into a localized macroscopic crack can be roughly read from the L f versus load curve. However, at what load level the macroscopic crack forms is not obvious. Instead, as shown in Fig. 4(b) , the factor D RASC initially increases very slowly with loading. When the applied load approaches the peak load, it rises very rapidly and suddenly, which corresponds to the formation of the macroscopic crack since it induces a large displacement gradient across the crack faces and hence large apparent strain. The relation between D RASC and the applied load seems to obey a percolation threshold model. Thus, we use D RASC (P) = |P − P c | −α where P c is percolation threshold and α stands for critical exponent, to fit the experimental results in Fig. 4(b) . It can be obtained that the fitting parameters P c = 66.557, α = 0.541 for sandstones in the tests. So the critical load for the formation of a macroscopic crack might be estimated by the percolation threshold. Appearance of the percolation-like evolution of the factor D RASC is not surprising. As mentioned earlier, the eventual failure in the present experiments is the result of coalescence of distributed damages that developed locally. It is known physically that such a process can be described by a percolation model where a critical damage density may be the threshold. Since the damage density can be correlated with the applied load and D RASC indeed represents the apparent strain concentration at large damage clusters, it is natural to follow the above mentioned scaling between D RASC and the applied load. Based on such arguments, it is anticipated that provided the brittle materials fail through coalescence of distributed damage, D RASC can be defined with the percolation like evolution with the applied load, although further experiments are necessary to verify it.
C O N C L U S I O N S
In this work, uniaxial compression tests were conducted to investigate the damage and failure process of rock by DIC technique. The apparent strain analysis reveals the pattern of strain localization during loading, and then subsequent initiation of the crack inside the localized region resulting in failure of rock. A localization factor L f and a strain concentration factor D RASC , are presented and combined to quantitatively describe the localization of the damage distribution and the level of rock damage. Variations of L f and D RASC during the loading process are given, which can experimentally well characterize the evolution of diffuse damage, strain localization, crack initiation and failure in rock.
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